There is an increasing amount of evidence that nanoparticles may enhance toxicological potential in comparison to the same material in the bulk form. The aim of this study was to develop a new method to unmask asbestos nanofibers from Formalin-Fixed Paraffin-Embedded (FFPE) tissue. For the first time, in this study we applied Energy Dispersive X-ray (EDX) microanalysis through transmission electron microscopy to demonstrate the presence of asbestos nanofibers in histological specimens of patients with possible occupational exposure to asbestos. The diagnostic protocol was applied to 10 randomly selected lung cancer patients with no history of previous asbestos exposure. We detected asbestos nanofibers in close contact with lung cancer cells in two lung cancer patients with previous possible occupational exposure to asbestos. We were also able to identify the specific asbestos iso-type, which in one of the cases was the same rare variety used in the workplace of the affected patient. By contrast, asbestos nanofibers were not detected in lung cancer patients with no history of occupational asbestos exposure.
Introduction
In recent years, a lot of research has been performed on the possible health effects of engineered nanomaterials (ENM). 1 Among ENM, the most potentially dangerous are carbon nanotubes (CNTs), due to their fiber-like shape shared with asbestos fibers, they may cause asbestos-like diseases. 2 Indeed, in some comparative experimental animal studies, CNTs showed injuring effects similar, or even higher than that of asbestos. 3 One of the paradigms of nanotoxicology is that the material in the nanometric range becomes more toxic than the same material in the bulk form. 4 In this light, although recent epidemiological data suggest an association of occupational exposure to asbestos fibers having a diameter <0.25 μm (i.e., asbestos fibers within or close to the nanometric range of 1-100 nm) with lung cancer, 5 no histological demonstration of this association is currently available. It may depend on the fact that diagnostic techniques used for the demonstration of asbestos fibers in the lung are based on light microscopy, and therefore fibers having a diameter in the nanometric range are out of the resolving power of the technique.
In this work, involving two lung cancer patients with possible occupational asbestos exposure, we show that the application of Energy Dispersive X-ray (EDX) microanalysis may allow the unequivocal demonstration of asbestos nanofibers tightly associated with lung cancer cells.
Materials and Methods

Patients
In this retrospective study, we re-evaluated 10 lung biopsies of lung cancer patients with a history of possible exposure to asbestos and 10 randomly selected lung cancer patients with no history of previous asbestos exposure. All experiments were approved by the ethical committee of the University of Rome Tor Vergata; in particular, each sample was anonymized and all unnecessary sensitive data of patients were deleted from clinical report.
Histological analysis
All biopsies were formalin-fixed and paraffin embedded; four µm-thick sections were routinely stained with haematoxylin and eosin (H&E) and the morphological study was performed by an expert pathologist 6 (Figure 1 A-B ).
Immunohistochemistry
The phenotype of lung cancer was characterized by the presence of the thyroid tran-scription factor 1 (TTF-1) and cytokeratin 7 (typically expressed by adeno-carcinomas) (Figure 1 C-D). Briefly, 3-μm-thick sections were pre-treated with EDTA citrate pH 7.8 for 30 min at 95°C and then incubated respectively with rabbit monoclonal anti-Cytokeratin 7 for 30 min (1:100 clone OV-TL12/30; Novus Biologicals, Littleton, CO, USA) and rabbit monoclonal anti-TTF-1 for 30 min (1:100 clone SP141; Spring Bioscience, Pleasanton, CA, USA). Washing was performed with PBS 4% + Tween20 pH 7.6 (UCS diagnostic, Rome, Italy) reactions were revealed by a horseradish peroxidase -diaminobenzidine detection kit (UCS diagnostic). 7 Transmission Electron Microscopy terized by small black deposits similar to carbon. Six mm serial sections were collected on histology super-frost plus slides ( Figure 2B ). These sections were de-paraffinized, 3x15 min. in xylene and hydrated by a series of incubations in 100%, 95%, 70%, 30% ethanol and phosphate buffer 0.1 M. Then, sections were washed with phosphate buffer 0.1 M, and dehydrated by a series of incubations in 30%, 50%, 70%, ethanol. Dehydration was continued by incubations in 95% ethanol, absolute ethanol and propylene oxide. Tissues were incubated with 1:1 epon-propylene oxide solution for 30 min, 3:1 epon-propylene oxide solution for 30 min, and epon absolute for 3 h ( Figure 2C ). Embedding beam capsules were placed over areas previously identified on H&E section ( Figure 2D ) and incubated for 24 h at 60°C. Finally, beam capsules were detached from the slide with thermal shock (liquid nitrogen) ( Figure 2E ). All samples were studied by TEM Hitachi H-7100. Counting was performed at a magnification between 15,000 and 20,000, which permits detection of fibrils as small as 1 nm in diameter.
EDX microanalysis
The EDX microanalysis is a technology that performs the elemental and chemical analysis of a sample in a transmission electron microscope. When the electron beam in an electron microscope hits a thin sample, some atoms of the sample will be excited or ionized. When they return into their ground state, they will emit characteristic x-rays. The x-ray emission at different wavelengths may then be measured by a photon-energy-sensitive detector. The EDX detector system performs a simultaneous display of all mid-energy (1-20 keV) xrays collected during any individual analysis period. Therefore it is possible to detect those elements with N.A.>10. The minimal detectable elemental concentration, which requires some signal averaging, is approximately 0.1 mmol per kg of dry specimen (i.e., 10 ppm), whereas spatial resolution ranges from about 10 nm to a few micrometers.
For the EDX microanalysis 100 nm-thick unstained ultrathin sections were placed on specific copper grids. The EDX spectra were acquired by a Hitachi 7100FA transmission electron microscope and an EDX detector (Thermo Scientific, Waltham, MA USA) at an acceleration voltage of 75 KeV and 12000 magnification. Spectra were semi-quantitatively analyzed by the Noram System Six software (Thermo Scientific) using the standardless Cliff-Lorimer k-factor method. 8 The EDX microanalysis system was calibrated using the x-ray microanalysis standard (Micro-Analysis Consultants Ltd., Cambridgeshire UK). 8 The sample standards used as controls were: Dural (Al, Cu, Mg), Apatite (Ca5(PO4)3(OH)), Lead Technical Note 
Figure 1. Lung histological classifications. A) H&E of lung biopsy (2x). Square shows main lung lesion (10x). B) High magnification displays cohesive malignant cells with abundant cytoplasm, large nuclei and atypical mitosis (arrow) (40x). Neoplastic cells were characterized by nuclear expression of TTF-1 antigen (C) and CK7 positivity (D) (40x).
Results
All lung biopsies were classified as lung adeno-carcinomas, according to the criteria released in 2012 from the World Health Organization (WHO). 9 The observation of tissues by optical microscopy did not allow the identification of fibers related to contamination of asbestos. Then, we proceeded to TEM and EDX microanalysis evaluation in order to verify the presence of nano-fibers. The samples processed by the Flat slice embedding (FSE) method (Figure 3 C-D) presented a reduction of structural details, for lower magnifications (<10,000 x) it was still possible to carry out morphological analysis. Actually, a strong morphological correlation was found between the selected area on H&E slice and the corresponding area on the FSE embedded. In some of the FSE section, we detected nanofibers unnoticeable by optical microscopy. Noteworthy, corrosive substances used during tissues processing, such as paraformaldehyde, and propylene oxide do not damage sections and/or extract particles or fibers from them.
In fact, in adeno-carcinoma tissues of the two patients with a history of possible exposure to asbestos, we observed several fibers with a length variable from 0.1 to 0.6 µm and a diameter below 0.1 μm (Figure 4 ). In adenocarcinoma tissues of 10 randomly selected patients with no history of previous asbestos exposure, no fibers or nanofibers were detected at TEM analysis. In the two lung cancer patients with possible occupational exposure to asbestos, The EDX microanalysis showed that the identified nanofibers were mainly composed of silicon and iron (Figure 4 E-F) . The association of morphometric and microanalytical data pointed out to the identification of the nanofibers as being composed of asbestos. In particular, fibers detected into the two lung adeno-carcinomas were compatible with an asbestiform variety of amosite, the gedrite (Figure 4 ).
Discussions
The two most relevant asbestos related disorders are pleural mesothelioma and lung cancer. The association between asbestos and lung cancer is still debated, 10 given the typical-Technical Note , for lower magnifications (<10,000x) , it was still possible to carry out morphological analysis (5000x). of 0.2-0.6 µm (A,B, case #2; C,D, case #4) . EDX Microanalysis spectrum allowed us to identify these electrondense bodies as asbestos fibers, mainly composed of Si, Fe, Mg and Al (E-F).
Figure 3. Ultrastructural preservation of FSE Epon embedded tissues. A-B) Lung tissues processed by standard transmission electron microscope protocol (5000x). C-D) Lung samples processed by FSE method showed a satisfactory preservation of ultrastructural details. Indeed
Figure 4. EDX microanalysis of asbestos fibers. TEM electron micrographs of 2 lung adeno-carcinoma processed by FSE method show numerous fibers with variable length,
ly multi-factorial etiology of this cancer, whereas the causal relationship between asbestos exposure and mesothelioma is much more specific. 11 Lung cancer develops several decades after exposure to asbestos, so it may be difficult to obtain reliable documentation about the presence and extent of past exposure. The duration of assumed past exposure is often used as a surrogate; however, its predictive power for the future development of lung cancer has been recently questioned. 12 To circumvent these limitations, the histological detection of asbestos in lung cancer is used to support the attribution of lung cancer to asbestos exposure. The current criteria used for this purpose 13 do not include the search for asbestos nanofibers and the spatial relationship of asbestos fibers with cancer cells. From a pathophysiological perspective, however, both these criteria should be relevant in the process of attribution. In fact, in recent years it has become clear that a material in the nanometric range may be more dangerous than the same material in bulk form. [14] [15] [16] If this rule is universal, it should apply also to asbestos nanofibers. 17 Additionaly, the process of malignant transformation of normal lung cells into malignant ones seems to require the direct contact of asbestos fibers with these cells, 9 and therefore it would be logical that the presence or absence of asbestos fiber in the context of the neoplastic lesion should be considered in the process of the etiological attribution of the lesion itself. 18 In this work, we evaluated the ability of EDX in unmasking asbestos fibers in the nanometric range, missed by conventional diagnostic techniques. For this purpose, we tested the FSE method. This method allowed us to unmask hidden asbestos fibers thanks to the correlation between H&E-stained areas and those for TEM and EDX microanalysis and to the partially preserved cellular morphology. Asbestos nanofibers were not observed in the histological samples of lung cancer patients with no exposure to asbestos, and therefore the association seems to be highly specific, although, of course further data are needed. Noteworthy, the same specificity does not apply to current criteria for the evidence of asbestos exposure in lung cancer patients: fibers are searched in the whole lung, and a threshold is required, given their presence also in non-exposed patients. 19 A potential limitation of FSE method is represented by the loss of ultrastructural details in paraffin-embedded tissues, which does not allow a magnification higher than 10,000x. However, we were able to perform a satisfactory morphological analysis and to identify fibers deposits. Indeed, as stated above, it is important to verify the presence of fibers in pathological tissue areas. Moreover, EDX micro-analysis identifies the composition of individual particles, which is often, in itself, sufficient to identify specific fiber isotype. In our work, thanks to EDX microanalysis, we detected a rare asbestiform variety of amosite, the antophyllite-gedrite. Fibrous anthophyllitegedrite is one of the six recognised types of asbestos widely used in asbestos cement and for insulation. The identification of the specific isotype of asbestos made possible to unequivocally associate the fibers detected into lung with the real occupational exposure of the patient. The asbestos fibers evidenced with our technique had not only a diameter in the nanometric range, but were also very short, with a length lower than 0.6 µm. It is of interest that a recent epidemiologic study detected a strong association between lung cancer and asbestos fibers shorter than 1.5 µm. 20 Another important feature of the method we used in this work is that it can be used to re-evaluate possible asbestos exposure in retrospective studies. Therefore, if the data of this study are confirmed by other laboratories, ultrastructural studies and EDX microanalysis on FFPE could offer exposed workers the chance to ask for re-evaluation of their case. Noteworthy, our protocol allows to identify asbestos fibers without lung digestion. This procedure results extremely useful since generally, in the clinical practice, histological diagnosis of lung cancer is performed on very small amount of tissue impeding the possibility to reserve part of it for the detection of asbestos fibers by digestion. Furthermore, digestion techniques require a lot of biological sample competing for specimen use for biological markers assessment or asbestos fibers detection. In conclusion, we proposed a new analytical protocol that can be a helpful trials to detect asbestos nanofibers also in retrospective analysis, using archival lung FFPE tissues. This method allows to unmask exposure to asbestos nano-fibers undetectable with conventional methods. The possibility of analyze FFPE tissue with TEM and EDX microanalysis can be contributed to reduce the wide underestimation of the casual link between asbestos and lung cancer. Furthermore, the revaluation of these biopsies can be a valid support instrument for medico-legal cases aimed at the resolution of work services.
